In models with large extra dimensions, where quantum gravity effects become strong at the TeV scale, the ρ parameter can receive large contributions from one-loop diagrams involving exchange of multiple graviton and dilaton states. These contributions are computed, taking into account cancellation of spurious infrared divergences, and the (finite) results for d = 5 and 6 are compared with current experimental data. It is shown that 5 large extra dimensions are incompatible with the data and d = 6 is severely constrained.
Introduction
Considerable excitement has been generated by the suggestion [1] that strong gravitational effects could become manifest at scales of the order of a few TeV. One of the ways in which this can happen requires large compactified spacetime dimensions beyond the four Minkowski dimensions. An elegant model involves a string theory [2] (living in 10 dimensions) which has solitonic excitations of the gravitational field called D-branes [3] . In this model, proposed [4] 
N in the effective 4-dimensional space at length scales ≫ R c is the extremely small one O(10 −32 ) TeV −2 measured in gravity experiments. The two are related, using Gauss' Law [6] , by
where M predicts deviations from Einstein gravity at solar system scales. Since no such effects are seen, we are constrained 3 to take d ≥ 2. For these values R c < 1 mm and there is no conflict with known facts [5] . The smallness of Newton's constant G (4) N is thus a direct consequence of the compactification and hence there is no hierarchy problem in this theory 4 .
In traditional Kaluza-Klein (KK) theories [8] , the mass-spectrum of non-zero KK modes is driven to the Planck scale M
P l . This problem is avoided in the AADD model by having the SM particles live on a 'wall' with negligible width (which we identify with the D 3 brane). While SM fields are confined to the brane, gravitons correspond to excitations of closed strings propagating in the bulk. The only new effects observable on the brane -to which corresponds the observable Universe -will be those due to exchange of gravitons between SM particles on the brane.
To construct an effective theory in 4 dimensions, i.e. on the brane, gravity may be quantized taking the usual weak-field ('linearized') limit, assuming that the underlying string theory will ultimately take care of the well-known ultraviolet problems. Interactions of gravitons now follow from the (4 + d)-dimensional Einstein equations in the compactification limit. Feynman rules to the lowest order in κ = 16πG (4) N for this effective theory have been worked out in detail in Refs. [9] and [10] . We make use of the prescriptions of Han, Lykken and Zhang [10] in our work. For convenience, some of the relevant Feynman rules are listed in Appendix A.
In this effective theory, the couplings of the gravitons to the SM particles will be suppressed by the Planck scale M (4)
19 GeV. This is offset, however, by the fact that, after compactification, the density of massive KK graviton states is very high, being indeed, proportional to M
P l dependence cancels out, therefore, leaving an interaction of electroweak strength, whose scale is set by the bulk Planck's constant 4 A related problem, that of stabilization of the compactification scale, exists, however; this has been discussed in Ref. [7] . In fact, this is the chief criticism of the AADD model. made is that the brane itself is heavy and its vibration modes decouple from the processes under consideration. This corresponds to a static approximation for the brane [11] .
The interactions generated by gravity between SM particles on the brane can be written mostly in terms of exchange of spin-0 and spin-2 gauge bosons. At the lowest order in κ, the spin-1 gauge bosons decouple [6, 11] from matter due to the diagonal structure of the energy-momentum tensor for matter fields on the brane. Interactions of the spin-0 dilaton (or 'radion', R) and the spin-2 gravitons(G) -or rather, their massive KK modes -have been described in Refs. [9] and [10] and several phenomenological studies at the tree-level have been made using these interactions. The salient features of such studies are briefly surveyed in the next section. However, it suffices to note that almost all of these tend to provide lower bounds on the string scale M S .
One-loop effects of the interactions of towers of KK states of the graviton and radion
have not yet been investigated in detail. The pioneering work in this direction was in section 3.5 of Ref. [10] , in which a leading-order calculation of self-energy corrections to the mass of a scalar particle were worked out. A more detailed calculation of the anomalous magnetic moment of the muon was attempted in Ref. [12] . In the latter, the result turned out to be 'remarkably finite', though the actual numbers were rather disappointingly small. It was argued in Ref. [12] that one-loop effects are worth calculating even though there may be other TeV-suppressed operators at the tree-level, simply because the one-loop effects are completely calculable, given the Feynman rules. One can add the argument that a study of one-loop effects brings out subtle features of the theory in a way that tree-level effects can never be expected to do.
In the present work, therefore, we compute one-loop corrections to the masses of the electroweak gauge bosons W and Z, which are constrained by the famous ρ parameter [13] .
Extra contributions to the ρ parameter have been discussed in the context of AADD-type models in the literature [14] , but not in the context of one-loop calculations. It turns out that the one-loop contributions from virtual radion and graviton states are strongly divergent in the ultraviolet (UV), a feature which is to be expected in an effective theory.
The use of the string scale M S as a momentum cutoff has been suggested in Ref. [10] (and elsewhere) and this leads to large contributions which actually grow with increasing M S . Recognising that this is not a pathological feature but simply a manifestation of the fact that we have an effective (non-renormalisable) theory, we can therefore, use the experimental bounds on the ρ parameter to derive upper bounds on this scale M S , unlike all the tree-level processes considered hitherto, which are suppressed by powers of M S .
An interesting feature which emerges in our calculation is the presence of infrared (IR) divergences (for d = 2, 3 and 4) in the summation over masses of particles in the KK towers. These are due to the zero modes of the graviton (and radion) KK states and arise ultimately from the fact that in the IR limit when the graviton momenta are comparable to the mass gap between neighbouring excitations, the continuum approximation is invalid.
One is therefore led to believe that the IR divergences are spurious and should cancel out of a complete calculation 5 A useful suggestion made by the authors of Ref. [10] is to regulate these expressions by simply dropping the zero mode (whose coupling is Planckscale suppressed) and start from the first massive KK mode. Cancellation of the IR divergence will therefore manifest itself as a cancellation of the dependence of the final result on the mass of this mode. We shall see that with the present level of knowledge, the presence of these IR divergences makes the ρ-parameter calculation non-predictive for d = 2, 3 and 4. However, these same IR divergences allow us to make a concrete prediction for d = 5 and 6, even without a complete knowledge of the relevant Feynman rules.
The plan of this article is as follows. Section 2 consists of a micro-review of phenomenological studies of the AADD model carried out at the tree level. In the next section, we describe the basic formalism required to calculate the W, Z self-energy corrections (and hence the ρ parameter) in the AADD model. Section 4 is devoted to numerical results from the calculation and their interpretation. It is in this section that we discuss 5 One should also note that gravity is known to be infrared-safe, especially in the full (4+d)-dimensional theory. Compactification corresponds to replacing certain components of momentum by masses and this cannot generate IR divergences. The authors are grateful to Ashoke Sen for bringing this fact to their notice.
the cancellation of IR divergences. We summarize our results in Section 5. Appendix A comprises of the relevant Feynman rules. The machinery of one-loop integrals using the ultraviolet (UV) cutoff M S is described in detail in Appendix B.
Phenomenological Studies
Since gravitons (and radions) couple to any particle with a non-vanishing energy- P l and will, therefore, escape any detector of terrestrial proportions. One can, therefore, see signals [15] with large missing momentum and energy if an observable particle is produced in association with a tower of KK gravitons. Crosssections for these depend explicitly on d, the number of extra dimensions. Each process can be used to obtain a bound on the string scale M S for a given d. The most dramatic of these is M S > 50 TeV for d = 2 and it comes from a study [16] 
to the leading order in s/M 2 S , where √ s is the scale of the interaction [9, 10] . It has been found convenient to absorb the magnitude of λ into M −4
S , so that bounds from virtual processes can be presented in a compact form. However, it should be borne in mind that the effective string scale M S is, then, M S = λ −1/4 M S , and hence different from the actual M S , such as is considered for real graviton emission. Once this slight abuse of notation is understood, each process can be used [17] to obtain a bound on M S for a given sign of λ.
Among the most stringent of these bounds are M S > 1 TeV for λ = ±1 which come from studies of experimental data on dileptons [18] and dijets [19] at the Fermilab Tevatron.
A summary of the most stringent lower bounds from collider data on M S , as well as the astrophysical bound from a study of the neutrino flux from the supernova SN1987A, is given in Table 1 . Table 1 . Illustrating lower bounds on the string scale M S (in TeV) from dilepton [18] and dijet [19] data at the Fermilab Tevatron. The astrophysical bounds from a consideration [16] of the neutrino flux at the supernova SN1987A are also shown for purposes of comparison.
Calculation of Self-Energies
In electroweak theory, the ρ parameter is defined by [13] 
to all orders in perturbation theory. The most convenient formalism for the study of this parameter is that given by Peskin and Takeuchi [20] , who define ρ−1 = α T , where α is the fine structure constant and ρ is calculated in the zero momentum limit. The T -parameter defined above is one of the so-called oblique parameters and is zero in the Standard Model at tree-level. Non-vanishing values of T measure, therefore, one-loop corrections to the W, Z masses in the SM and/or any new physics effects in these masses. The current experimental bounds on the (dimensionless) T -parameter are T = −0.21 ± 0.16 (+0.10).
In terms of the self-energy corrections Π(p 2 ) of the gauge bosons W ± and Z 0 , the
where p is the propagator momentum and the self-energies are calculated in the limit p There will be a similar set of diagrams for the Z-boson.
The Feynman diagrams corresponding to the self-energy of the W -boson are shown in Figure 1(a-d) . Since the low energy theory is just linearized Einstein gravity, we expect it to be non-renormalizable. Hence, rather than work with a whole family of effective operators 6 , we work with the unrenormalized vertices as given in Ref. [10] and it is therefore necessary to include tadpole graphs such as those of Figure 1(b) and 1(c) . These can have all kinds of particles in the loops, including (b) all SM particles and (c) the quanta of linearised gravity. Moreover (as pointed out in Ref. [10] ) it is necessary to include 'seagull'-type diagrams such as that in Figure 1(d) . It is important to note that while the diagrams in Figure 1 
where
, which arise from evaluation of the loop integrals in the case of graviton (G) and radion (R) respectively, are defined in Appendix B. In the above formula x 0 is an IR cutoff which is taken to be x 0 = (R c M S ) −2 following the suggestion of Ref. [10] . It corresponds to the mass of the first massive KK state of the graviton/radion. Using the relation [6] between R c , M S and d, it follows that
which is clearly minute for M S ∼ 1 TeV and approaches unity when M S → M
P l .
6 such as, for examplef f W W -type andf f ZZ-type terms; there are many other possibilities.
Similarly, the final result for Π AADD ZZ (0) takes the form
where, as before, the functions J G,R Z (x) are defined in Appendix B. Substitution of Equations (4) and (6) in Equation (3) [10] for a pair of (spin-2) gravitons coupling to a pair of scalars. Assuming that the longitudinal components of the W and Z bosons are given by the Goldstone equivalence theorem, we can evaluate the 'seagull' graph. This adds to the function J We then make the assumption that the two contributions due to the transverse modes are each equal to that due to the longitudinal mode. This corresponds to multiplying K G W,Z (x) by a factor of 3. We next parametrize the error due to these approximations by introducing an unknown parameter ξ, so that the extra contribution reads
We next note that the diagrams in Figure 1 (c) have the same particles running in the loop as the corresponding ones in Figure 1(d) , and therefore, should be proportional to the same loop integrals. In fact, it will not matter which of the graviton states contributes to the loop integral, since the propagators are same, each having an identical tower of states. Of course, there will be explicit dependence on the graviton/radion in the vertex and in the propagator connecting the loop with the W W vertex. However, to a first approximation, we assume that all these can be lumped into a common contribution, also
All the extra contributions due to the diagrams in Figure 1 (c) are thus absorbed into the unknown parameter ξ. Any momentum dependence arising from the vertices and propagators contributing to ξ can be removed by defining ξ to be an average value. We therefore, do not add any extra contribution to J R W,Z (x). While the above procedure does not sound very rigorous, it is the best that can be done until all the relevant Feynman rules become available. Calculation of these is a nontrivial task and it may be some time before they are available in the literature [21] . In principle, the value of ξ, which parametrizes our present state of ignorance of the effective theory to O(κ 2 ), can depend explicitly on M S and on d. However, as we show in the next section, any such dependence is very weak, and therefore, we obtain aná posteriori justification for the approximation made here.
It is clear from the above that we have little or noá priori knowledge of what the parameter ξ should be, except that it should be of order unity (which follows from dimensional arguments). However, it is here that the IR divergences come to our help. We shall see in the following section that gravitonic contributions to δT are IR divergent for d = 2, 3 and 4. It has been argued above that these IR divergences are spurious and hence we demand that they should cancel out when we sum over all diagrams. Since J G,R W,Z (x) and K G W,Z (x) are individually IR divergent, we can tune the value of ξ to get cancellation of these divergences. We then claim that this is the value of ξ which would be obtained from a proper knowledge of the Feynman rules in this model 7 . The exact procedure is described in the following section.
Numerical Results and Discussion
Numerical evaluation of the integrals in Equations (4) and (6) In their leading order calculation of one-loop effects in the AADD model, the authors of Ref. [10] have shown that these corrections to the scalar mass can be written in terms of (dimensionless) loop integrals, of which two are
where x 0 is the IR cutoff described above. On evaluation these come out to be
Now, these are clearly IR divergent for d < 2 and d < 4 respectively. Even the use of the IR cutoff x 0 leads to extremely large values of these integrals, since it is clear that x 0 is an extremely small quantity (unless M S → M In Figure 2 , it may be seen that a sharp cancellation occurs for a specific value ξ ≃ 3.2836. Amazingly enough, we get the same value for all the three values of d.
We also find that the value of ξ for which the cancellation occurs is almost completely insensitive to the value of M S , while it has a very weak dependence on the mass of the Higgs boson (0.2% as M H varies from 100 GeV to 700 GeV). This constant value of ξ may be attributed to the fact that it is almost entirely made up of constant or averaged factors in the unknown coupling, including κ, R c and the gauge boson masses, apart from purely numerical factors. We believe that a complete calculation, when available, will predict precisely this value ξ ≃ 3.2836. It is reassuring to note that the value of ξ is indeed of order unity as we expect.
Obviously, when such fine cancellations take place, it is not possible to predict the value of δT for d = 2, 3 and 4, since any result can be obtained by making small changes in ξ. However, in view of the fact that ξ is almost constant for d = 2, 3 and 4, we feel emboldened to extrapolate this value to the (IR-finite) cases d = 5 and 6 as well. We thus feed in this value of ξ for the cases d = 5 and 6, and are able to make concrete predictions for δT in the AADD model. The pinching-off of the UV-divergent integral at the Planck scale is illustrated in (b).
As Figure 3 shows, the gravitational contribution to the T -parameter shows a nondecoupling behaviour, though, of course, it finally falls to zero when M S → M
P l . The non-decoupling behaviour, we feel, is an indication that the theory is an effective one. In fact, for d = 5, it appears that any value of M S in the range displayed in Figure 3(a) is ruled out by experiment -which forces us to have M S ∼ M (4) P l , as in Figure 3(b) . For d = 6 we obtain an upper bound of about 725 GeV at 95% C.L., which is barely allowed by experimental data (see Table 1 ). A slight improvement in the data is likely to rule this out and this would force M S ∼ M (4) P l for d = 6 as well. The actual scenario need not be so gloomy, however, since the effective theory of Refs. [9] and [10] is only an approximation and the underlying (string?) theory is believed to be finite. At the present juncture, it is not possible to make calculations in the exact theory, and it would, therefore, be necessary to construct a phenomenological extension of the effective theory, by adding extra (non-renormalizable) operators with unknown coefficients 8 to the Lagrangian [22] . The coefficients may then be adjusted to produce acceptable values of the ρ (and T ) parameter, even for d = 5 and 6. This is a messy business which smacks of fine-tuning and will not be attempted in this work.
Finally, it is worth noting that in all these calculations, the contribution due to the radion, which has much lower levels of divergence, both in the UV and IR regions, turns out to be negligible in comparison to that of the graviton. Its inclusion in all the above formulae is more for the sake of completeness that for numerical accuracy.
Conclusions
In this work, we have performed a careful study of the W and Z boson self-energy corrections using the effective theory of KK graviton (and radion) interactions developed in Ref. [10] from the original suggestion of Refs. [1, 4] . Since these are one-loop calculations, the results have several interesting features, which do not show up in tree-level calculations. The results turn out to be strongly divergent, both in the UV and IR regimes. Using a cutoff at either end, as suggested in Ref. [10] , can lead to large values of the T -parameter (and hence of the ρ parameter). Knowing gravity to be IR-safe, we demand cancellation of the IR divergences and use this to determine the unknown ξ which parametrizes our ignorance of the full set of Feynman rules in this model. Interestingly, we find that ξ is independent of M S and the number of extra dimensions, and hence can be used to make concrete predictions for 5 and 6 extra dimensions. We then find that for d = 5, M S is driven by the T -parameter constraint to the Planck scale, while for d = 6, a small window in M S around 725 -750 GeV is still viable. We are unable to make any predictions for d < 5.
We wish to emphasize that while our results do seem to show that models with large extra dimensions do not work well for d > 4, all that this means is that the formalism of Ref. [10] does not work well for d > 4. A deeper (perhaps finite) theory should certainly provide better insights and more acceptable values of the ρ-parameter. It might also be possible to build a phenomenological theory by adding non-renormalizable operators to the effective Lagrangian, but that lies outside the scope of this work.
Note added: After this work was completed, we received the preprint in Ref. [25] where a similar calculation has been done, using a purely analytic approach. The rather striking difference in our results from theirs is probably due to the fact that tadpole diagrams, as in Fig. 1 (b) and (c) have not been taken into account in Ref. [25] . We thus believe that the calculation in Ref. [25] , though elegant, is incomplete and should not be taken as evidence for a decoupling behaviour in M S , at least for the ρ parameter.
The Feynman rules relevant for the calculation of the ρ parameter are as follows.
The vertex for a pair of gauge bosons coupling to the graviton are given by an effective
The graviton coupling T µνρσ GW (p, q) is given by
where κ = √ 16πG N and
In the above equation, both W/Z momenta are assumed to be directed towards the vertex.
The radion coupling is given by
The propagator for a graviton with momentum k is
where the polarisation sum P µνρσ is given by
Finally, the propagator for a radion is given by
where the extra factor (d − 1) arises from the sum over different modes of the radion in each dimension.
In this Appendix we have closely followed the notation and conventions of Ref. [10] .
Appendix B: Loop Integrals
The momentum integrals arising in one-loop calculations involving KK graviton and radion modes are calculated using an ultra-violet cutoff M S , where M S is the 'string' scale.
We use the well-known notation of 'tHooft and Veltman and Passarino and Veltman [24] to describe momentum integrals of products of propagator functions. Then, the scalar one-point function turns out to be
As in Refs. [24] , all integrals are defined in Euclidean space.
For the calculation of T , we require to calculate the boson propagators in the zero momentum limit. Thus, for the scalar two-point function, we define
We are then in a position to define
which turns out, on evaluation, to be
(B.5)
The vector two-point function is defined to be 
